Abstract Powdery mildews (PMs) cause disease in a wide range of plant species including important crops. Taking tomato as an example, here we review findings on the genetic basis and mechanisms of plant resistance to PMs. First, we present a summary of our research on tomato resistance to two PM species, with the focus on Oidium neolycopersici. We discuss the genetics of resistance to this pathogen in tomato. Then, we compare different forms of resistance mediated by different resistance genes based on molecular and cytological data. Also, we provide a comparison between these resistance genes in tomato with those in barley, Arabidopsis and wheat, in order to present a model for the genetic basis of resistance to PMs in plants. We try to accommodate these resistance mechanisms in the current model of plant innate immunity. At the end we discuss possibilities to translate these findings to practical approaches in breeding for resistance to PMs in crops.
Introduction
Powdery mildews (PMs) are obligate biotrophic fungal pathogens that establish long-lasting interactions with their living host tissues by forming haustoria in plant cells. There are approximately 700 PM species capable of colonizing about 10,000 plant species (Braun and Cook 2012) . These fungal pathogens produce discernible symptoms consisting of white colonies of mycelia on the surface of aerial green organs and sometimes on fruits upon heavy infection . The interaction of PMs with tomato, barley and Arabidopsis are well studied and, therefore, these pathosystems provide experimental models for understanding host and nonhost resistance to PMs (Bai et al. 2005; Hückelhoven 2005; Li et al. 2007; Schulze-Lefert and Vogel 2000) .
Three PM species can infect tomato (Solanum lycopersicum), namely Oidium neolycopersici, O. lycopersici and Leveillula taurica. Upon the outbreak of O. neolycopersici in Europe in the late 1980s, all tomato cultivars turned out to be susceptible to this pathogen and this disease had to be controlled by using fungicides in greenhouse tomato production in Northwest Europe (Huang et al. 2000a) . Requested and also supported by Dutch vegetable seed companies, we started our research on searching for resistance genes against this pathogen in 1996.
We have identified five dominant resistance genes (Ol-genes) from wild tomato species and introgressed them into cultivated tomatoes, and cloned one recessive gene (ol-2) that confers mlo-based broadspectrum resistance (Bai et al. 2005 . In addition, we have mapped and introgressed three quantitative trait loci (QTLs) conferring different levels of resistance to O. neolycopersici. After many years, we have been able to set up tomato as the third wellcharacterized plant system, after barley and Arabidopsis, to study the interaction between plants and obligate PMs.
Plant innate immunity relies on a set of specialized receptors, so called pattern-recognition receptors (PRRs), which recognize microbe-associated molecules (Ausubel 2005) . There are two groups of PRRs in plant cells: PAMP-receptors and resistance (R) proteins (in the literature PRR is sometimes used only to describe PAMP-receptors). PAMP-receptors are plant molecules that can perceive pathogenassociated molecular patterns (PAMPs), which are evolutionary conserved pathogen-derived molecules (i.e., chitin in fungi and flagellins in bacteria). R proteins are localized in the plasma membrane (like CF-2 and XA21 proteins) or, more frequent, in the intracellular area. The most common R proteins are the NBS-LRR proteins. Based on these two types of receptors, plant innate immune system has been divided into two distinct processes in a model known as Zig-Zag model . According to this model, perception of PAMPs by PAMPreceptors results in PAMP-triggered immunity (PTI), while R proteins perceive pathogen effectors (directly or indirectly) (Dangl and Jones 2001) and thereby, activate effector-triggered immunity (ETI) .
The study of plant-pathogen interactions involves communication between two living organisms, and thus, requires knowledge from both sides. Although we have characterized the mechanisms by which tomato respond to PM infection, the mechanism of O. neolycopersici pathogenicity is still largely unknown. One reason for this knowledge gap is that this obligate fungus needs to be maintained and propagated on tomato plants and, like other obligate PMs, is not easily amenable to molecular analysis (Bardin et al. 2007 ). Moreover, its sexual stage has not been reported so far, and this hampers genetic studies on this fungus (Lebeda et al. 2013) . One way to compensate this shortage of knowledge is to explore the discovered mechanisms of pathogenicity in other PM species. Till now, a few fungal effectors have been cloned including two effectors from Blumeria graminis f. sp. hordei (Bgh), the causal agent of barley PM disease (Kamoun 2007) . Thanks to recent advances in next generation sequencing technologies, the genomes of three PM species (Bgh infecting barley, Erysiphe pisi infecting pea and Golovinomyces orontii infecting Arabidopsis) have been sequenced and a pile of information of putative effectors in these PMs is now available (Spanu et al. 2010) .
In this review, we first summarize the genetics, specificity and (molecular) mechanisms of tomato resistance to powdery mildews, with the focus on the Ol-genes and QTLs identified for resistance to O. neolycopersici. We then compare the genetics and mechanisms of tomato defense against O. neolycopersici with that in barley and Arabidopsis in response to their adapted PM species, in order to understand common mechanisms, if any, by which plants defend themselves against PMs. Further, we discuss the resistance to different PMs in the context of PTI and ETI. Finally, we present our thoughts on potential approaches for achieving durable resistance to PMs in crops.
Powdery mildews infecting tomato

Oidium lycopersici and O. neolycopersici
The first report on tomato PM dates back to the late 19 th century when O. lycopersici was found in Australia (Cooke and Massee 1888) . After almost a century an epidemic of tomato PM occurred in the Netherlands and spread within the next 10 years to all European countries. O. lycopersici was initially assumed to be the cause for this epidemic, however, later studies discovered that the causal agent is O. neolycopersici (Jones et al. 2000 Kiss et al. 2001 ). Now it is believed that O. neolycopersici is present worldwide, except in Australia where O. lycopersici is the causal agent for PM disease in tomato (Kiss et al. 2001 (Kiss et al. , 2005 . Although there is not a consensus on the host range of O. neolycopersici Lebeda et al. 2013) , there is some evidence suggesting that this pathogen is adapted to plant species from 13 plant families (Whipps et al. 1998; Jankovics et al. 2008) . For further information of O. lycopersici and O. neolycopersici, please see the comprehensive review by Lebeda et al. (2013) .
Leveillula taurica
Another PM fungus that can infect tomato is Leveillula taurica (Lév.) Arnaud (asexual state Oidiopsis taurica (Lév.) Salmon). Morphologically, L. taurica can be easily distinguished from O. neolycopersici. The mycelia of L. taurica grow through the mesophyll and are visible on the abaxial side of the leaf, while O. neolycopersici grows mainly on the adaxial side and does not penetrate into the mesophyll .
L. taurica is an important pathogen of tomato in hot and dry tropical to sub-tropical zones, and in glasshouses (Blancard 2012) . It can also infect pepper, eggplant, cucumber, onion, cotton and other crops, as well as many wild plant species (Braun and Cook 2012) . In total, more than 1,000 species belonging to 74 botanical families are hosts for L. taurica (Palti 1988) . Molecular analyses revealed that L. taurica is actually an aggregate species consisting of several biological lineages, for which the exact host range is not known (Khodaparast et al. 2001 (Khodaparast et al. , 2007 (Khodaparast et al. , 2012 .
While O. neolycopersici is epiparasitic, as most other powdery mildew species are, L. taurica grows endophytically. In tomato, after germination of conidia on the leaf surface the hyphae enter the leaf directly by perforating the cuticle, and subsequently develop an intercellular mycelium in the mesophyll tissue. Infection hyphae grow into the spongy and sometimes the palisade parenchyma tissues. Penetration pegs penetrate the host's cell wall followed by the development of haustoria (Palti 1988) . After a latency period of approximately 20 days conidiophores emerge from stomata, mainly on the abaxial leaf surface, and produce spearheaded terminal conidia (Blancard 2012) . Usually, at this stage bright yellow spots are visible on the adaxial leaf surface and become necrotic later. Eventually, the complete leaf may turn yellow, shrivel and dry up, but it remains attached to the plant. At this stage fruits are exposed to destructive sun scorch, resulting in economic losses (Palti 1988) . It is worthwhile to note that the infection process of L. taurica in tomato is different from that in pepper (Zheng et al. 2013a ).
The genetics and mechanisms of resistance to powdery mildews in tomato (Solanum lycoperisum) and its wild relatives Cultivated tomato has limited variability, largely because of artificial selection during domestication and development of modern cultivars. To improve disease resistance and agronomic traits, tomato wild germplasm is a useful resource (Bai and Lindhout 2007) .
Resistance to L. taurica
Tomato cultivars differ greatly in their susceptibility to L. taurica (Palti 1988) . Resistant accessions of S. lycopersicum var. cerasiforme and wild tomato species S. chilense, S. habrochaites and S. peruvianum have been reported (Palti 1988; Hernandes and Stamova 1990) . The dominant resistance gene Lv from S. chilense accession LA1969 (Yordanov et al. 1975; Yordanov 1987, 1990 ) is effective against L. taurica, but not against O. neolycopersici (unpublished data). This gene, which is mapped on chromosome 12, confers resistance via inducing hypersensitive response (HR) (Chungwongse et al. 1994 (Chungwongse et al. , 1997 . The Lv gene has been the only gene in tomato germplasm for resistance to L. taurica. The recessive ol-2 gene (Ciccarese et al. 1998; Bai et al. 2008 ) identified in S. lycopersicum var. cerasiforme confers incomplete resistance to L. taurica (Zheng et al. 2013b ).
Resistance to O. neolycopersici O. neolycopersici was only distinguished from O. lycopersici in 2001 by Kiss et al. (2001) . As far as we know no specific resistance genes for O. lycopersici have been reported. Although resistance sources against O. lycopersici were published, they proved to be resistances against O. neolycopersici. Thus, there is no report on resistance to O. lycopersici and it is unknown whether the identified resistance sources to O. neolycopersici are also effective to O. lycopersici.
Mapped loci for resistance to O. neolycopersici in tomato
Whereas no effective sources of resistance to O. neolycopersici have been found in tomato cultivars released by the end of 20 th century, several resistant accessions have been discovered in wild tomato species (Lebeda et al. 2013) . Till now, nine loci have been mapped which confer resistance to O. neolycopersici (Fig. 1) . Ol-1, identified from S. habrochaites G1.1560 , has been mapped on the long arm of tomato chromosome 6 (Bai et al. 2005) . ol-2 is a recessive resistance gene found in S. lycopersicum var. cerasiforme LA1230 and is located on chromosome 4 (Ciccarese et al. 1998) . Cloning of this gene revealed that ol-2 is a homologue of the barley Mlo gene . Ol-3, introgressed from S. habrochaites G1.1290, is located in the same chromosomal region as Ol-1. There is some evidence suggesting that Ol-1 and Ol-3 are allelic variants (Huang et al. 2000b; Bai et al. 2005) . Ol-4, originating from S. peruvianum LA2172, is located on the short arm of chromosome 6 (Bai et al. 2004) . Ol-5, introgressed from S. habrochaites PI247087, is closely linked to Ol-1 and Ol-3 on the long arm of chromosome 6 (Bai et al. 2005 ). Ol-6, which was found in an advanced breeding line with unknown origin, is mapped in the same position as Ol-4 (Bai et al. 2005) . Very likely, Ol-4 and Ol-6 are allelic variants. On the short arm of tomato chromosome 6, a cluster of disease resistance (R) genes has evolved from the Mi-1 gene that confers resistance to root-knot nematodes (Meloidogyne spp.), potato aphids (Macrosiphum eluphorbiae), and whiteflies (Bemisia tabaci and B. tabaci biotype B) Rossi et al. 1998; Nombela et al. 2003) . Silencing Mi-1 homologues in tomato lines carrying Ol-4 and Ol-6 compromised the resistance to O. neolycopersici in those lines, demonstrating that Ol-4 and Ol-6 are Mi-1 homologues . In addition to these monogenic resistance genes, three quantitative trait loci (Ol-qtls) were identified in S. neorickii G1.1601 (Bai et al. 2003) . Ol-qtl1 was mapped on chromosome 6 in a chromosomal region where Ol-1, Ol-3 and Ol-5 are located. Ol-qtl2 and Ol-qtl3 were mapped on chromosome 12 in the vicinity of the Lv gene (Bai et al. 2003) . Ol-qtl1 and Ol-qtl2 were further finemapped using advanced populations, while the presence of Ol-qtl3 needs to be further confirmed ( Fig. 1) ).
Mechanisms associated with resistance conferred by the Ol-genes and Ol-qtls
The resistance mechanisms associated with Ol-genes and Ol-qtls have been studied by using a unique set of nearly isogenic lines (NILs), which harbour an introgression carrying the particular Ol-gene/QTL in the genetic background of S. lycopersicum cv. Moneymaker (MM) (Bai et al. 2005; Li et al. 2012 ). These NILs have been compared for their response to O. neolycopersici based on histological and biochemical events, changes in gene expression pattern, and fluctuation in phytohormone pathways during infection with O. neolycopersici (Bai et al. 2005; Li et al. 2007 Li et al. , 2012 Seifi 2011) .
Histological characteristics of resistance conferred by different Ol genes Plant cell death is one of the resistance mechanisms against biotrophic pathogens by delimiting pathogen progress on plant tissue. HR is a form of cell death triggered typically upon recognition of pathogen avirulence (Avr) proteins by plant R proteins (Nimchuk et al. 2003) . HR has been reported to be associated with resistance conferred by the dominant Ol-genes (Huang et al. 1998; Bai et al. 2005) . Particularly, two different forms of HR have been observed in the tomato response to O. neolycopersici. Single-cell HR (Huang et al. 1998; Bai et al. 2005) , also defined as fast HR (Li et al. 2007) happens in the presence of Ol-4 and Ol-6. These two Olgenes are homologous to the Mi-1 gene encoding an NBS-LRR protein ). This type of HR occurs in all intruded epidermal cells in which primary haustoria are formed, resulting in a complete stop of fungal growth (Bai et al. 2005) . On the other hand, multiple-cell HR (Huang et al. 1998; Bai et al. 2005) , also described as slow HR (Li et al. 2007 ) occurs in tomato plants carrying Ol-1, Ol-3 and Ol-5. Interestingly, these three Ol-genes originate from different accessions of S. habrochaites and cluster together on the long arm of tomato chromosome 6 (Fig. 1) (Bai et al. 2003) . Since such type of HR occurs only in about 30 % of infected cells, fungal colonization is not prevented completely and thus leads to an incomplete resistance.
The recessive gene, ol-2, which is a homologue of the barley MLO gene, mediates resistance by formation of papillae, i.e., cell wall appositions of callose and other constituents at plant-PM interaction sites (Bai et al. 2003 . Papillae are formed before and/or immediately after the formation of primary haustoria, resulting in early stop of fungal growth and leading to a complete resistance.
Interestingly, the resistance in NILs carrying Ol-qtls is associated with HR and papilla formation, though cell death is predominant (Li et al. 2012) . Three types of HR have been described, micro-HR (similar to fast HR), particle-HR (similar to slow HR) and micro/particle HR. The last one has not been observed in NILs carrying dominant Ol-genes. The three QTLs jointly confer a very high level of resistance.
Biochemical characteristics of resistance conferred by different Ol genes Accumulation of reactive oxygen species (ROS, e.g., H 2 O 2 ) upon pathogen attack is one of the earliest events that occur in host cells, a phenomenon known as oxidative burst (OB) (Lamb and Dixon 1997) . The apoplastic OB occurs rapidly due to the function of membrane enzymes, NADPH oxidases, peroxidases, amine oxidases, and oxalate oxidases (Hückelhoven 2007) . In compatible interactions there is a weak induction of OB, however, in incompatible interactions a second OB with higher magnitude occurs (Lamb and Dixon 1997) . The ROS produced in OB are antimicrobial agents. In addition, H 2 O 2 contributes to cell wall fortification, induces cell death, and acts as a diffusible signal for induction of systemic defence response (Lamb and Dixon 1997; Torres et al. 2006) . The role of H 2 O 2 in the cell wall fortification is both in cross-linking of the cell wall proteins and also in serving as a substrate in cell wall apposition (papilla formation) (Hückelhoven 2007) .
Accumulation of H 2 O 2 , occurrence of cell death, and deposition of callose in tomato in response to O. neolycopersici has been monitored (Mlíčková et al. 2004; Tománková et al. 2006 ). In comparison with susceptible tomatoes (S. lycopersicum), the level of H 2 O 2 increased significantly in resistant wild species, S. habrochaites and S. chmielewskii in which HR occurred (Mlíčková et al. 2004; Tománková et al. 2006 ). We have also studied H 2 O 2 accumulation and callose deposition in different NILs at different timepoints after infection with O. neolycopersici (Li et al. 2007 (Li et al. , 2012 . Our results showed that both HR and papilla formation in tomato attacked by O. neolycopersici are associated with H 2 O 2 and callose accumulation (Li et al. 2007 (Li et al. , 2012 . In the susceptible MM and a NIL carrying the ol-2 gene (NIL-ol-2), H 2 O 2 accumulation in epidermal cells is almost absent. In contrast, in NILs carrying Ol-1 (NIL-Ol-1), Ol-4 (NIL-Ol-4) and Ol-qtls (NIL-Ol-qtls), H 2 O 2 accumulates in every cell that underwent cell death, consistent with the results of previous works (Mlíčková et al. 2004; Tománková et al. 2006) . In cells undergoing HR, callose deposition was also observed. At the first interaction sites (where primary appressoria are formed), both H 2 O 2 accumulation and callose deposition was more abundant in NIL-ol-2 and NILOl-1 compared with other lines, however, only in NILol-2 the deposited callose formed papillae. In the latest stage of infection (41 h post inoculation) in MM and NIL-Ol-1 callose deposition was observed at about 60 % of the first interaction sites, where the fungus penetrates the epidermal cells, indicating that the timing of callose deposition is relevant for the outcome of resistance/susceptibility in the interaction of tomato and O. neolycopersici (Li et al. 2007 (Li et al. , 2012 .
Reprogramming of gene expression associated with different Ol genes
In order to compare the resistance mechanism mediated by monogenic Ol genes and Ol-qtls, we studied the transcript profiles by cDNA-AFLP (Li et al. 2006 (Li et al. , 2007 and microarray analysis (unpublished data).
cDNA-AFLP profiling clarified that the majority of the up-regulated differentially expressed-transcript derived fragments (DE-TDFs) are common in MM, NIL-Ol-1 and NIL-Ol-qtls, with differences in timing of expression for certain DE-TDFs (Li et al. 2006 (Li et al. , 2007 (Li et al. , 2012 . This similarity is likely due to the fact that slow HR is involved in the resistance mediated by Ol-1 and Ol-qtls, resulting in a similar pattern of fungal growth in MM and NILs carrying Ol-1 and Ol-qtls (Li et al. 2007 (Li et al. , 2012 . Most of these sequenced inducible transcripts showed homology to genes with functions in defence responses, implying that Ol-1-and Ol-qtls-mediated responses likely employ overlapping components of defence pathways occurring in basal immunity, however the timing and magnitude of responses may determine the interaction outcome (Li et al. 2006 (Li et al. , 2012 . Though the resistance mediated by ol-2 is associated with papilla formation, distinct from HR, more than 50 % of the DETDFs that were induced in NIL-Ol-1 also showed upregulation in NIL-ol-2 (Li et al. 2007 ). This unexpected result may be explained by the fact that papilla formation occurred only in about 40 % of the ol-2 epidermal cells attacked by primary appressoria (Bai et al. 2005) . In contrast, NIL-Ol-4 showed a highly divergent set of DE-TDFs compared with the ones from NIL-Ol-1. For example, more than 70 % of the DETDFs that were up-regulated in NIL-Ol-1 were not detected in NIL-Ol-4 (Li et al. 2007 ).
Microarray analysis was performed using RNA extracted from PM-inoculated and mock-inoculated leaf samples at 1, 5 and 7 days post inoculation (dpi) on the tomato Syngenta Affymetrix array (unpublished data). Of the 22,000 genes on the array, the expression of about 250 genes was different at least between two of the samples. Interestingly, these genes are mainly differentially expressed between NILs and MM, regardless of the pathogen infection. In NIL-ol-2 and NIL-Ol-4 the number of genes showing significant differential expression compared to MM (fold change above 2, p< 0.01) is higher than that in NIL-Ol-1 (Fig. 2) . The narrower range of differentially expressed genes in NILOl-1 suggested that compared to NIL-ol-2 and NIL-Ol-4 the response of NIL-Ol-1 upon PM attack is more similar to MM, which is in agreement with the results obtained from cDNA-AFLP analysis (Li et al. 2006 (Li et al. , 2007 .
The fact that our microarray study revealed only differences in constitutive gene expression in different genotypes, but not upon fungal inoculation within the genotype, may be due to the sampling method. We collected entire infected leaves and isolated RNA for microarray analysis. It is worth mentioning that PM only infects the epidermal cell layer and, therefore, it is expected that molecular events associated with the infection occur in this cell layer. Micro-dissection of the epidermal cell has been shown to be an effective approach to get a better understanding of gene expression reprogramming upon PM infection. In the Arabidopsis -G. orontii pathosystem, the epidermal cell layer was first microdissected by using laser and then the gene expression pattern was studied in the collected cells (Chandran et al. 2010 ). This elegant experiment revealed involvement of new genes, including 67 transcription factors, in response to PMs that have not been discovered before by whole tissue analysis. Interestingly, one of these transcription factors, known as MYB3R4, induces endoreduplication in the infected cells, probably to increase the metabolism of the plant cell in the favour of the pathogen (Chandran et al. 2010) .
In barley, genes have been identified that are required for the resistance mediated by certain Mla genes (e.g. Rar1, Rar2), as well as for mlo (Ror1 and Ror2) (Freialdenhoven et al. 1994 (Freialdenhoven et al. , 1996 Hückelhoven et al. 2001) . In tomato, silencing a putative glutathione Stransferase (GST) compromised the resistance conferred by the Ol-1 gene (Pei et al. 2011) . We are performing functional analysis of genes showing differential expression between MM and the NILs and expect to find different genes essential for specific Ol genes.
RNA silencing in PM resistance
There is overwhelming evidence implicating plant RNA silencing pathways in plant defence responses to viruses, bacteria, oomycetes, and fungi (reviewed by Katiyar-Agarwal and Jin 2010; Ruiz-Ferrer and Voinnet 2009; Seo et al. 2013) . To be cost effective, defence responses need to be suppressed during normal conditions and to be rapidly activated upon pathogen attack. Endogenous gene silencing is suggested to be one of the mechanisms for this rapid "off" and "on" regulation (Jin 2008) . In agreement with this idea, recently a miR482/2118 superfamily was discovered in tomato that silences numerous NBS-LRR genes, and upon pathogen infection this silencing mechanism is suppressed (Shivaprasad et al. 2012) . Total RNA from MM, NIL-Ol-1, NIL-ol-2, and NIL-Ol-4 leaf tissue collected at 1, 5, or 7 days after inoculation with Oidium neolycopersici or spraying with water was isolated. This RNA was hybridized to the tomato Syngenta Affymetrix array (van Esse et al. 2009 ) and the data were normalized by RMA (robust multi-array) method. The MeV free software (www.tm4.org/mev) was used to analyse the data. In each plot, the X axis shows differences in fold change in the gene expression between each NIL and MM, and the Y axis shows the probability (log p value) of the differences. Horizontal dashed line determines the threshold 2 for probability (p=0.01) of significance and the vertical dashed lines set the threshold 1 for difference in fold change of gene expression. The green dots show genes which expression level is at least 1 fold different in a NIL compare to MM, with p<0.01. The positive values on the X axis indicate higher expression in NILs compare to MM, and negative values indicate lower expression in NILs compare to MM RNA silencing (also called RNA interference, RNAi) is the most common antiviral mechanism in plants, and thus, viruses interfere with their host's RNA silencing pathways (reviewed by Voinnet 2005) . Such an ability had not been reported for other pathogens, until recently that Qiao and co-workers demonstrated that several effectors of Phytophtora sojae supress the RNA silencing in plants by inhibiting the biogenesis of small RNAs (Qiao et al. 2013) .
It has been shown that expression of RNAi constructs for Blumeria effectors (Avra10 and AvraK1) and Glucanosyltransferase genes in barley results in a reduction in fungal development (Nowara et al. 2010) . Whether this host-induced gene silencing (HIGS) degrades fungal transcripts inside the pathogen or inside the plant cells is not certain yet, but the fact that some of the silenced genes function inside the pathogen and also there is no evidence for secretion of Avra10 and AvraK1 transcripts inside epidermal cells, favours the scenario that silencing occurs inside the pathogen (Nowara et al. 2010 ). This phenomenon may suggest the involvement of RNA silencing in plant response to PMs.
Interestingly, we also have data suggesting that O. neolycopersici suppresses tomato RNA silencing pathways in order to establish pathogenicity. We discovered that the expression of a regulator of gene silencing is strongly induced in tomato plants infected with O. neolycopersici (Seifi 2011) . From the microarray dataset mentioned before we found a subset of genes that were highly up-regulated in the early stages of infection in the compatible interaction compared to the incompatible interactions (unpublished data). One of these genes is a calmodulin-like regulator of gene silencing (known as rgs-CaM; GeneBank accession: AY642285). An ortholog of this gene in tobacco is induced in response to tobacco mosaic virus (Anandalakshmi et al. 2000; Nakahara et al. 2012) . We verified the expression of this gene in our NILs as well as in MM, and results clearly showed that this gene is indeed induced drastically in MM (compatible interaction) in the early time-points (Fig. 3) . This suggests that probably O. neolycopersici manipulates the tomato RNA silencing machinery in MM in order to establish a compatible interaction. However, in incompatible interactions, when resistance genes are present, this interference is significantly decreased, proportional to the strength of the corresponding resistance genes. We are currently investigating this interesting gene in more details.
Phytohormone pathways involved in resistance conferred by Ol-gene/Ol-qtls Plant hormone signalling pathways are an important part of downstream pathways in immunity responses. Ample evidence has shown that salicylic acid (SA), jasmonic acid (JA), ethylene (ET), auxin, abscisic acid (ABA), and gibberellic acid (GA), cytokinin and brassinosteroid signalling pathways play a role in defence (Grant and Jones 2009; Bari and Jones 2009 ). In general, SA and JA are believed to be signalling molecules in defence against biotrophic and necrotrophic pathogens, respectively (Glazebrook 2005) . The SA pathway is well-documented as an essential component in ETI, PTI and systemic acquired resistance (Vlot et al. 2009 ). JA in the presence of low levels of ET is only able to trigger a response to herbivores and wounding, while in combination with high ET levels, it triggers responses to necrotrophs as well (Grant and Jones 2009) . ABA is mainly considered as a negative regulator of plant immunity (Mauch-Mani and Mauch 2005), probably because of its antagonistic interaction with the ET-JA signalling pathways (Anderson et al. 2004) . SA, JA and ET pathways are considered as the backbone of phytohormone networks in the plant immune system, with which auxin, ABA, and GA pathways interact (Pieterse et al. 2009 ).
In tomato responses to O. neolycopersici, only the involvement of phytohormones in basal defence has been studied to some extent. Results suggested that the SA pathway has no role in basal defence (Achuo et al. 2004; Lebeda et al. 2013 ), but ABA-deficiency or ETinsensitivity enhances basal resistance in tomato against biotrophs including O. neolycopersici (Achuo et al. 2006; Lund et al. 1998) .
We did a different study and compared the hormonal pathways in different tomato-PM interactions using the NILs carrying the Ol-genes and Ol-qtls (Seifi 2011 ). An early significant induction in the SA pathway was observed in NIL-Ol-4 (Li et al. 2007; Seifi 2011) . The Ol-4 gene is a homologue of the Mi-1 gene, and triggers accumulation of H 2 O 2 and induction of HR at 1 dpi upon PM infection (Li et al. 2007) . Given the important role of SA in HR induction (Vlot et al. 2009; Love et al. 2008) , the early induction in SA pathway in NIL-Ol-4 is expected. Interestingly, SA is required for the Mi-1-mediated resistance to potato aphids, but not to nematodes (Li et al. 2006; Mantelin et al. 2013 ).
These results highlight the diverse modes of hormone signalling pathways in resistance conferred by Mi-1 homologues. Although we provide evidence suggesting that the SA pathway plays a role in Ol-4 mediated resistance to O. neolycopersici, further confirmations are required to reach a more definite conclusion, for instance by testing the Ol-4 function in a mutant deficient in the SA pathway. In contrast to the SA pathway, JA, ABA and ET pathways in NILOl-4 showed the same trend as in the susceptible genotype MM. Accordingly, disruptions of the ET, JA and ABA pathways had no effect on Ol-4-mediated resistance (Seifi 2011) .
In NIL-Ol-1 and NIL-Ol-qtls, ET pathway induction started from 7 dpi and reached a maximum level at 9 dpi in NIL-Ol-1 (Seifi 2011) . In contrast, the other NILs showed the same pattern as that observed in MM. Further, ET-insensitivity compromises the PM resistance in these two NILs. Late induction of the SA pathway was also observed in NIL-Ol-1 and NILOl-qtls, which is distinguishable from the induction in other lines. The involvement of the SA pathway in resistance conferred by Ol-1 and Ol-qtls needs to be further studied
In MM and the NILs, marker genes for JA and ABA pathways showed a constant level of expression in the period of infection followed by an induction during late stages of infection with the highest rate in MM (Seifi 2011) . Late accumulation of ABA and JA in compatible interactions of tomato with other pathogens has also been reported by others (O'Donnell et al. 2003; De Torres-Zabala et al. 2007; Fan et al. 2009 ), which suggests that this accumulation is the result of disease establishment and stress rather than a defence response. Surprisingly, ABA-deficiency compromised resistance mediated by both ol-2 and Ol-qtls. ABA induces callose deposition (Flors et al. 2005; Flors et al. 2008) , which is the main mechanism of resistance mediated by ol-2 ) and is also triggered by Ol-qtls (Li et al. 2007 ). Thus, we assume that a basal level of induction of the ABA pathway is required for the process of callose deposition that contributes to the resistance mediated by ol-2 and Ol-qtls.
In addition to ABA, JA-deficiency also compromised ol-2-mediated resistance. The resistance conferred by the recessive ol-2 gene is due to the lossof-function of MLO ), a transmembrane protein accumulating at attempted fungal penetration sites in plasma membrane microdomains . In barley, Arabidopsis and tomato, loss-offunction mutation in Mlo homologues results in resistance to different PM species, demonstrating that MLO represents a conserved plant host cell protein required in PM pathogenesis (Consonni et al. 2006) . In Arabidopsis, mlo-based resistance to Golovinomyces spp. is largely independent from SA, JA and ET pathways. However, our data showed that the SA pathway was induced at 1 dpi in NIL-ol-2 and that impairment of ABA and JA pathways compromised ol-2-mediated resistance. Thus, molecular mechanisms underlying the mlo-mediated resistance in tomato and Arabidopsis are not completely the same. Considering that the JA pathway is involved in regulating programmed cell death (PCD; Reinbothe et al. 2009) , and that MLO protein is a negative regulator of PCD (Shirasu and Schulze- Fig. 3 The expression pattern of a regulator of RNA silencing in different tomato interactions with Oidium neolycopersici. MM is the susceptible line to O. neolycopersici, and is the background for near isogenic lines (NILs), harbouring different resistance genes to PM. NIL-Ol-4 and NIL-ol-2 show a high level of resistance to O. neolycopersici, while NIL-Ol-1 is partially resistant. Error bars show standard deviation (Adapted from Seifi 2011) Lefert 2000), the involvement of the JA pathway in ol-2-mediated resistance is conceivable. It is intriguing how SA, JA and ABA signalling pathways are coordinated in ol-2-mediated resistance that is associated with cell wall apposition but not with PCD.
Specificity of the resistance conferred by the Ol-genes and Ol-qtls O. neolycopersici is a highly polyphagous fungus and the presence of different races has been reported in different parts of the world (Lebeda et al. 2013) . Using our NILs, we have shown that resistance conferred by the Ol-4 and Ol-6 genes can be overcome by the isolate from Czech Republic and one of the two Japanese isolates (KTP-02) (Bai et al. 2005; Seifi et al. 2012) . The resistance conferred by other Ol-genes and Ol-qtls remain effective to all the tested isolates (Bai et al. 2005; Li et al. 2012 ).
Resistance to PMs in different crops
An overview of resistance to O. neolycopersici in tomato
In summary, resistance to O. neolycopersici identified so far in tomato can be classified into four categories based on the genetics, mechanisms and specificities of the resistance conferred by the Ol-genes and Ol-qtls (Table 1 ). The comparison of these different forms of resistance based on the histological characteristics, trend of phytohormone pathways, and level of resistance is illustrated in Fig. 4. & The first category is the incomplete and broadspectrum resistance that is controlled by dominant genes (Ol-1, Ol-3 and Ol-5). All the three genes originated from S. habrochaites accessions cluster on the long arm of chromosome 6. Histologically, slow HR is associated with the resistance conferred by these genes (Bai et al. 2005; Li et al. 2007 ). The ET pathway plays a role in the Ol-1-mediated resistance. Though in NIL-Ol-1 fungal growth pattern is similar to that in susceptible MM, slow HR in NIL-Ol-1 is effective enough to prevent further pathogen progress leading to incomplete and broad-spectrum resistance. Also, similar molecular events are observed in NIL-Ol-1 and MM (Li et al. 2006 (Li et al. , 2007 . Thus we suggest that
Ol-1, and likely Ol-3 and Ol-5, encode enhancers of basal defence, which induce delayed cell death in the later stages of pathogen infection. & The second category is the complete and racespecific resistance conferred by dominant Ol-4 and Ol-6 genes, which are derived from S. peruvianum and an unknown genetic resource, respectively. These genes encode CC-NBS-LRR proteins ) and induce fast HR in the very early stages of pathogen attack (Bai et al. 2005; Li et al. 2007 ). This HR prevents further fungal development and the pathogen can hardly produce any secondary haustoria (Li et al. 2007 ), resulting in complete resistance. As expected for HR-mediated resistance, the SA pathway is induced in NIL-Ol-4 at early time-points after pathogen infection (Seifi 2011) . & The third category is the recessive and broadspectrum resistance controlled by the recessive ol-2 gene and associated with papilla formation , with involvement of ABA and JA pathways (Seifi 2011) . & The fourth category is polygenic and broadspectrum resistance that is governed by three QTLs identified in S. neorickii G1.1601 (Bai et al. 2003; Faino et al. 2012 ) and associated with a combination of HR and papilla formation (Li et al. 2012 ). ET and ABA pathways contribute to this type of resistance (Seifi 2011 ).
Comparison of PM resistance in tomato and barley
In the well-studied barley and barley powdery mildew (Bgh) pathosystem, many resistance genes have been characterized (Schulze-Lefert and Vogel 2000). Based on genetics and histological characteristics, these genes can be classified briefly into three groups. The first one is the recessive resistance conferred by lossof-function alleles of the Mlo gene (e.g., mlo-5), which arrests fungal development at the penetration stage while the attacked cells stay alive. The second one is represented by a subset of dominant Mla (e.g. Mla1, Mla6 and Mla13) and Mlg genes, conferring complete resistance at the penetration stage by inducing a singlecell HR reaction. The third one includes a subset of dominant Mla genes (e.g., Mla7, Mla10 and Mla12), which confer incomplete resistance by inducing multi- Li et al. (2012) and Seifi et al. (2012) cell HR to stop fungal growth after penetration (Hückelhoven et al. 2000) . Though there are differences between barley resistance to Bgh and tomato resistance to O. neolycopersici, similarities are obviously present (Li et al. 2007 ): the recessive mlo-based resistance (mlo-5 and ol-2), fast HR-associated resistance governed by the dominant genes Ol-4 (HR at primary haustorium stage) and Mlg (HR at primary appressorium stage), and slow HR-associated resistance by the dominant genes of Ol-1 and Mla12.
In barley, the complex Mla locus (located in a chromosomal interval of~250 kb) contains eight CC-NBS-LRR genes (Table 2) , of which more than 30 alleles are known to confer race-specific resistance to Bgh (Jørgensen and Wolfe 1994; Wei et al. 2002; Seeholzer et al. 2010) . Similarly, the Ol-1, Ol-3 and Ol-5 genes are clustered in a short chromosomal region (Bai et al. 2005 ). The resistance conferred by Mla genes (i.e., Mla6 and Mla12) is SA independent (Hückelhoven et al. 1999 ). The Ol-1 gene most probably does not encode an NBS-LRR protein (Seifi 2011) , while the Ol-4 and Ol-6 are shown to be homologues of the Mi-1 gene, thus encoding a CC-NBS-LRR protein ). The resistance conferred by Ol-4/Ol-6 is race-specific and likely SA-dependent.
The Mlo gene encodes a 65 KDa membrane protein with seven transmembrane domains. Loss of function of this gene results in a broad-spectrum resistance to barley powdery mildew (Tables 1 and 2) (Büschges et al. 1997) . In tomato the ol-2 gene is a loss-of-function allele of the tomato Mlo ortholog (SlMlo1) ).
Comparison of PM resistance in tomato and Arabidopsis
In Arabidopsis thaliana, four powdery mildew species are known to establish compatible interactions Upon infection of a tomato epidermal cell by PM, an oxidative burst (OB) occurs in this cell, regardless of the identity of the cell (resistant or susceptible). In the presence of Ol-4 or ol-2, this initial OB is exaggerated and results in a second and stronger OB, which accumulates reactive oxygen species (ROS) and triggers SA pathway. The magnitude of this OB exaggerated by Ol-4 is strong enough to promote HR. However, OB exaggerate by ol-2 is relatively weaker and also this gene, probably in coordination with JA pathway, has the ability to block the pathways which would result in HR. Instead, ol-2 triggers recruitment of ROS produced upon OB for reinforcement of the cell wall. This pathway probably requires ABA. The second OB probably does not occur in the presence of Ol-qtls, Ol-1 and MM (basal defence). Instead, Ol-qtls and Ol-1 lead to DCD by triggering ET accumulation, probably by triggering SA pathway or in collaboration with this pathway. Ol-qtls also triggers callose deposition in an ABA-dependent manner. In the absence of these Ol resistance genes, i.e., in the basal defence of Moneymaker, neither strong early induction in SA pathway and ROS accumulation, nor late induction of ET pathway occurs, resulting in the establishment of PM. In this picture the intensity of the grey colour represents the level of resistance, which is the highest in the presence of Ol-4 and gradually decreases to basal resistance (Adapted from Seifi 2011) including Golovinomyces spp. and O. neolycopersici (Xiao et al. 2001) . Known sources of resistance in Arabidopsis comprise natural resistance conferred by alleles of the RPW8 locus and mutation-induced resistance. The RPW8 locus comprises two dominantly inherited R-genes, RPW8.1 and RPW8.2, which control resistance to a broad range of PM species (Xiao et al. 2001) . RPW8 proteins contain a predicted coiled-coil (CC) and a transmembrane (TM) domain, structurally different from other R proteins identified to date (Table 2) . Though RPW8-mediated resistance was previously reported to be effective against O. neolycopersici in the Ms-0 accession, heterologous expression of RPW8 genes in tomato and Arabidopsis failed to confer enhanced resistance to O. neolycopersici (Xiao et al. 2001) . The RPW8-mediated resistance present in several other Arabidopsis accessions seems to be non-functional against O. neolycopersici. Instead, at least two other major loci in the accession Bay-0 appear to mediate such a resistance (Göllner et al. 2008) , demonstrating that genetic factors in Arabidopsis for resistance to O. neolycopersici are different from those to Golovinomyces spp. Very likely, O. neolycopersici delivers effector(s) that is/are different from the ones delivered by Golovinomyces spp. and is/are able to evade RPW8-mediated recognition. This is supported by the fact that no RPW8 homologues have been identified in cultivated tomato and some wild species (Personal communication, Dr. S. Xiao, Institute of Bioscience and Biotechnology Research, The University of Maryland, USA).
The induced resistance via loss-of-function mutations is represented by powdery mildew resistant (pmr) mutants (pmr1 to pmr6) (Vogel and Somerville 2000; Vogel et al. 2002 Vogel et al. , 2004 . Four Pmr genes have been cloned and they are involved in different cellular activities ( Table 2 ). The pmr2 turned out to be an mlomutant (Atmlo2); Pmr4 encodes a callose synthase, Pmr5 belongs to a large family of plant-specific genes with unknown function and Pmr6 encodes a putative pectate lyase. In Arabidopsis, unequal genetic redundancy between three phylogenetically closely related Mlo orthologs (AtMlo2, AtMlo6 and AtMlo12) is observed. Absence of AtMlo2 confers partial PM resistance, which is enhanced in Atmlo2 Atmlo6 or Atmlo2 Atmlo12 double mutants. Full resistance requires loss of function of all three co-orthologs; i.e., an Atmlo2 Atmlo6 Atmlo12 triple mutant is completely resistant (Consonni et al. 2006) . The Atmlo2-conferred resistance to Golovinomyces spp. is largely independent of the SA signalling pathway (Consonni et al. 2006) . However, we found that Atmlo2 resistance to O. neolycopersici is broken by the impairment of SA signalling in Atmlo2/eds5, Atmlo2/npr1, Atmlo2/pad4 and Atmlo2/sid2 double mutants and in the Atmlo2/NahG line, resulting in extremely susceptible phenotypes (Zheng 2012) . The early senescence phenotype of Atmlo2 mutants is suppressed by the impairment of SA signalling (Consonni et al. 2006; Yoshimoto et al. 2009 ). Together, these findings indicate that AtMlo2 might also function as a negative regulator of the SA pathway and that SA up-regulation might be an important feature of Atmlo2 resistance to O. neolycopersici.
Cloned genes for resistance to PMs in other plant species
We tried to summarize all the cloned genes for PM resistance in different plant species, including the ones discussed above (Table 2 ). In wheat there are 59 resistance genes mapped in 43 different loci, conferring resistance to PM caused by B. graminis f. sp. tritici (He et al. 2009 ). Up to now, three of these genes, Pm3b, Pm21 and Lr34/Pm38, have been cloned. Pm3b, which confers race-specific resistance, encodes a CC-NBS-LRR protein (Yahiaoui et al. 2004 ). Lr34/Pm38 encodes an ABC transporter and confers race-non-specific resistance (Krattinger et al. 2009 ). Pm21 encodes a serine/threonine protein kinase, which is present in membrane, cytosol and nucleus of epidermal cells. Pm21 confers durable and broad-spectrum resistance, which is associated with HR (Cao et al. 2011) .
Pathogenomics: powdery mildew effectors
From the genome sequences of three PM species, Bgh, G. orontii, and E. pisi, it is revealed that PMs have a large, expanded genome up to four times larger than other Ascomycete species (Spanu et al. 2010) . Strikingly, the number of protein-coding genes is lower than that in filamentous fungi, but a large portion of the genome consists of transposable elements (TEs); for instance 67 % of the genome in B. graminis (Spanu et al. 2010) . It is proposed that the low number of protein-coding genes in the genomes of biotrophic fungi explains their obligate nature, and massive proliferation of TEs might be a mechanism to increase genetic variation (Spanu 2012) .
Till now, only two PM effectors, namely Avra10 and Avrk1, have been cloned. These genes were isolated by map-based cloning from Bgh, and their products are recognized by barley R proteins MLA10 and MLK1, respectively (Ridout et al. 2006) . With the available PM genomes, plenty of genes encoding for putative effectors, i.e., genes encoding for proteins that have a secretion signal and have no match in organisms outside the PMs, have been identified. Following this algorithm, 248 candidate secreted effector protein (CSEP) were found, most of them highly expressed in haustoria (Spanu 2012) . Later by searching for homologues of these CSEPs in the Bgh genome, the number of effector candidates increased to 491 .
Interestingly, these CSEP-encoding genes are highly conserved between different isolates of Bgh (Hacquard et al. 2013) but not among other sequenced PMs (Spanu 2012) . For instance, only 16 out of 491 CSEPs form B. graminis are conserved in G. orontii and E. pisi . The lack of conservation in putative effector genes in different PMs suggests that evolution of effectors is highly dependent on species-specific adaptation. Since the CSEPs varied among different PMs, the genome information of the three aforementioned PMs is not very useful to fish out putative effectors in other PMs like O. neolycopersici, based on homology.
The CSEPs of Bgh are not or are barely expressed in germinating spores, but successive waves of massive expression of these genes was detected during and after penetration to barley epidermis (Hacquard, et al. 2013) . In incompatible interactions (e.g., presence of Mla1 gene) the CSEPs expression decreases following a transcriptional reprogramming in barley epidermal cells and at the onset of cell death in those cells, suggesting a defence mechanism by which host suppresses production or secretion of pathogen's effectors (Hacquard, et al. 2013) . Functional analyses of 50 of these CSEPs showed that silencing of eight of them, which are similar to glucosyltransferases, metalloproteases, and microbial secreted ribonucleases, inside the pathogen compromised disease development (Pliego et al. 2013 ). The ribonuclease-like effectors probably interfere with programed cell death in the host cells and, therefore, help establishment of pathogenicity (Pliego et al. 2013) . In another study, it was shown that one of the CSEPs (CSEP0055) interacts with apoplastic pathogenesis-related proteins of barley, including PR17, and thereby suppresses the host defence (Zhang et al. 2012) .
With the available PM genomes, the RNAseq approach is very appealing to identify effectors in PM's transcriptome. For example, mRNA extracted from the fugal haustoria of G. orontii was sequenced (Weßling et al. 2012) . In this study, authors identified 70 CSEPs of which 19 are among the top 50 expressed secreted proteins during the interaction with Arabidopsis (Weßling et al. 2012) . We have taken a similar approach to analyse haustorial transcriptome of O. neolycopersici with the aim to identify putative effectors of this pathogen.
A retrospect of Zig-Zag model based on plant-PM interactions
The Zig-Zag model is proposed based on biotrophic interactions , hence mechanisms of plant interactions with PMs should fit well in this model. Here we discuss different forms of plant resistances to PMs in the frame of the Zig-Zag model. The aim is to summarize and organize all the mechanisms of resistance to PMs, and also to validate this model to explain plant-PM interactions.
ETI: race-specific resistance mediated by R-genes Breeding for resistance has been focused on introducing R-genes that encode proteins, which recognize specific pathogen effector proteins leading to ETI (host resistance). This type of host resistance is frequently broken as new pathogen races constantly appear, which forms a bottleneck for durable resistance breeding. The resistance mediated by genes like Ol-4, Ol-6, Pm3b, Mla1 and Mla10 fits well with the criteria of ETI, since these genes encode NBS-LRR proteins, confer race-specific resistance, and induce HR response. For few of this type of genes, the interacting pathogen effector is also identified and further verifies that these genes perceive a pathogen's effector and trigger ETI. For example barley MLA10 recognizes AVR A10 effector from Bgh (Ridout et al. 2006) . PTI: race-non-specific resistance conferred by PAMP-receptors Among the genes that have been discussed above, some do not encode NBS-LRR proteins and confer race nonspecific resistance. For example, Pm21 induces strong HR to prevent formation of primary haustoria, encodes a serine/threonine kinase protein and confers a broadspectrum resistance. Although genes like Pto, FLS2, Xa21, PBS1, Rpg5, and Yr36 that confer resistance to different pathogens in different plants, also encode proteins with a serine/threonine kinase domain, however, the homology between these genes and Pm21 is lower that 40 % (Cao et al. 2011) . Similarly, the Ol-1 gene and Ol-qtls confer race non-specific resistance by mediating slow HR. We have fine-mapped Ol-1 locus to an 85 Kb interval, in which there is no NBS-LRR gene, and the annotation of the candidate genes (9 genes) suggests that they are involved in metabolic pathways, and not in known defence responses (Seifi 2011) . Our preliminary data showed that the Ol-qtl2 does not belong to NBS-LRR gene family either (unpublished data). PTI is defined by a set of PAMP-receptors that recognize PAMPs, leading to activation of a range of basal defence mechanisms contributing to resistance with a broad spectrum. At this stage, we cannot rule out the possibility that any of these genes encode for a PAMP-receptor, but the predictions of intracellular localization of the proteins encoded by these genes, and lack of similarity of them with known PAMP receptors, suggests a very low probability for this scenario.
Besides the Pm21 gene, the Lr34/Pm38 gene conferring partial resistance to leaf rust, stripe rust and stem rust, also confers resistance to PM in wheat (Spielmeyer et al. 2008) . This gene encodes an ATPbinding cassette (ABC)-transporter, located in the plasma membrane (Krattinger et al. 2009 ). Biochemical and cytological studies showed that Lr34-mediated resistance is not based on ROS accumulation, callose deposition and HR induction (Rubiales and Niks 1995; Risk et al. 2012) . The molecular mechanism of Lr34-mediated resistance is not well understood, but there is evidence suggesting that it is similar to the mechanism induced in response to abiotic stresses and possibly is related to metabolic pathways (Hulbert et al. 2007; Bolton et al. 2008) . Interestingly, ectopic expression of Lr34 in barley resulted in resistance against barley leaf rust and barley PM, implying that the substrate and mechanisms of LR34 transporter are conserved between barley and wheat, and thus, promises the possibility of using this valuable gene in cereal breeding for durable resistance (Risk et al. 2013) .
The Zig-Zag model formulates the process of arms races between the host and the pathogen and provides a simple and useful model for pathogen-host coevolution studies. However, it is an oversimplification of reality on the post-perception pathways leading to immunity responses. Firstly, this model is based on a clear distinction between PAMPs and effectors in pathogens, and their distinct receptors in the host cells. Recent studies revealed that this distinction is not easy to make in most cases (Thomma et al. 2011) . For example, bacterial flagellin and lipopolysaccharide (LPS) are considered as PAMPs, however modifications in these molecules influence bacterial virulence, too (Taguchi et al. 2006 (Taguchi et al. , 2010 Naito et al. 2008; Newman et al. 2007) , and thus they resemble bacterial effectors. On the other hand, it is not always true that effectors are perceived by R proteins; there is evidence of perception of apoplastic effectors by PAMP-receptors (de Jonge et al. 2010; Win et al. 2012 ). In addition, as the above mentioned non-R genes Pm21 and Lr34 encode neither R proteins nor PAMP-receptors, can we call this kind of resistance PTI? Secondly, the Zig-Zag model boils down the complex innate immune system into two forms of responses, PTI and ETI, merely based on the type of the pathogen receptors, assuming that the post-perception processes are similar in PTI and ETI and only their magnitude is different Tsuda and Katagiri 2010) . Recently, this difference in the magnitude of induction of downstream pathways between ETI and PTI has been questioned. Based on evidence from different pathosystems it seems that a more realistic view is that depending on specific interactions and even environmental conditions, both ETI and PTI could trigger strong or weak responses (Thomma et al. 2011 ). Last but not least, Lebeda et al. (2013) demonstrated that the non-host resistance to PMs is also associated with HR, a hallmark of resistance conferred by R-genes. Therefore, a clear distinction between PTI and ETI is difficult to claim (Thomma et al. 2011 ).
Nonhost-like resistance conferred by editing plant S-genes
Based on the Zig-Zag model, pathogens have to suppress PTI in order to overcome non-host resistance, for which pathogen effectors and their host targets play a central role. The absence of certain host-factors (also known as effector targets) encoded by plant susceptibility genes (S-genes) (Eckardt 2002 ) enable plants to escape the defence suppression and thus to maintain their non-host status (Fig. 5, middle panel) . One example is the Xa13 gene encoding a host factor targeted by the TAL effector of Xanthomonas oryzae pv oryzae. Natural mutant xa13 alleles results in resistance to bacteria strains that use the PthXo1 effector ).
Though there is no evidence showing that the MLO protein is targeted by PM effectors, the Mlo gene is one of the well-characterized S-gene examples, which negatively regulates the two Pen genes involving in pathways for nonhost resistance to PMs. In barley, Arabidopsis, tomato, pepper, and pea, loss-offunction mutations in Mlo result in efficient preinvasion resistance to adapted PMs, and orthologs of this gene have been found in the genome of wheat, rice, maize, and grapevine (reviewed by Zheng 2012) .
In addition to the mlo and pmr mutants, a considerable number of S-genes have been identified in Arabidopsis (reviewed by Pavan et al. 2010 ); e.g., downy mildew resistance (dmr1 to 6) mutants (Van Damme et al. 2005) . Based on studies on effectortriggerred susceptibility and by looking from a different point of view into host and non-host resistance (Fig. 5) , we proposed in 2010 a novel breeding strategy: disabling plant S-genes to achieve non-host-like resistance (Pavan et al. 2010) . We are currently verifying whether silencing tomato orthologs of these Arabidopsis S-genes leads to resistance to O. neolycopersici. Our results till now showed that (1) Arabidopsis dmr1 and pmr4 mutants are resistant to O. neolycopersici and, (2) silencing SlDmr1 and SlPmr4 in tomato results also in resistance to O. neolycopersici (Huibers et al. 2013) . Together with the tomato ol-2 mutant (Slmlo1), our results demonstrate that orthologs of Arabidopsis S-genes are present in crops and disruption in their S-gene function leads to resistance to different pathogens.
Outlook on breeding perspectives
Non-host resistance is defined as a resistance in all genotypes of a plant species to all genotypes of a pathogen species. Thus, non-host resistance is a durable and a common type of plant resistance to potential pathogens and therefore a valuable trait that can be potentially exploited to control adapted pathogens. However, little is known about the genetic factors and molecular mechanisms associated with non-host resistance. The use of mutants in Arabidopsis has advanced our understanding on mechanisms of non-host resistance to PMs. Three genes known as Pen1, Pen2, Pen3 genes, encoding a syntaxin protein, a glycosyl hydrolase, and an ABC-transporter, respectively (Collins et al. 2003; Consonni et al. 2006) have been found to be associated with non-host resistance to PMs (Lipka et al. 2005 (Lipka et al. , 2010 . In the review paper by Niks and Marcel (2009) , it is suggested that the molecular basis of non-host resistance is very similar to that in basal defence.
Two models of non-host resistance are adapted to the above described Zig-Zag concept (Schweizer 2007) . According to the first postulation non-host cannot be exploited by pathogen effectors, plants will maintain their nonhost status. Right panel perception of pathogen effectors by plant resistance (R) proteins (directly or indirectly) leading to effector-triggered immunity (ETI). When multiple R-genes are present in a plant for the same pathogen species, the combined ETI will lead theoretically to nonhost resistance resistance is simply because of inadaptability of a certain pathogen to a certain plant species. In other words, the pathogen has not evolved enough to have effectors to suppress PTI (Fig. 5, left panel) . The second model anticipates the presence of stacks of multiple R-genes that leads to durable resistance by functional redundancy in simultaneously recognizing a number of pathogen effectors (multiple ETI, Fig. 5,  right panel) . In the future, the identified components for PTI (PAMPs and their receptors) and ETI (R-genes, effectors and their host targets) will be interconnected to unravel the genetics and molecular mechanisms behind disease resistance/susceptibility in order to understand how a plant can or cannot be exploited by a pathogen as a host (Fig. 5) . For example, what are the features of effector targets, which can be exploited by adapted pathogens to turn a plant species from a nonhost into a host? In other words, which effectors are used by pathogens to make a "jump" from one host to another? The study of plant S-genes and pathogen 'effectoromics' will give fundamental new insights in how pathogens act to suppress plant immunity to promote diseases. As demonstrated above, the knowledge obtained is essential and crucial to open up ways for novel breeding strategies that lead to durable resistance to combat present and future diseases.
From a breeding point of view, non-host resistance is ideal but difficult to achieve. Since current data suggest that molecular basis of nonhost resistance is very similar to those in PTI (Niks and Marcel 2009) , the identification of genes contributing to PTI would contribute to resistance with the feature for non-host resistance. In practical programs of resistance breeding, introgression of individual dominant R-genes from wild species to cultivated crops still plays a major role. In tomato, the resistance gene Ol-4 can be a perfect candidate for complete resistance to O. neolycopersici, nematodes and aphids (Seifi et al. , 2012 , being aware that this resistance is race-specific. Dominant resistance is highly effective; however, its race-specific nature makes it vulnerable by the diversity in the genetic pool of the pathogen. In most cases, resistance conferred by R-genes can be overcome by pathogens resulting in outbreaks of large epidemics, which 'burst' the once 'booming' cultivars. Repeated boom-and-bust cycles in agriculture continuously force breeders to introduce cultivars with new resistance genes.
Theoretically, pyramiding genes with different specificities and mechanisms can lead to broadspectrum and durable resistance. For example, the Ol-1/Ol-3/Ol-5 gene confers incomplete broad-spectrum resistance, thus the combination of these individual genes with Ol-4 will theoretically result in a complete broad-spectrum resistance. For a successful resistance genes pyramiding, several aspects need to be considered including chromosomal location of resistance genes, their specificity, and their resistance pathways.
The chromosomal location of the resistance genes to be pyramided is an important factor. The racespecificities are often conferred by alleles of the same locus (genes located in the same chromosomal position). For example, the Mla locus in barley represents a very "creative" locus that encodes more than 30 different resistance specificities (Mla-1 to Mla-32) against barley PM; therefore, accumulation of these Mla alleles in one genotype is impossible by classical breeding. The allelic variants can only be combined in one F1 hybrid in heterozygous status via crossing parental lines with each homozygous for one of these alleles; similar to what is suggested for Ty-1 and Ty-3 resistance genes in tomato (Verlaan et al. 2011) . In many cases, R-genes tend to be clustered. An example is the Mi-1 gene cluster on tomato chromosome 6, which contains two Cf genes (Cf-2 and Cf-5) conferring resistance to Cladosporium fulvum, the Mi-1 gene, as well as Ol-4 and Ol-6 . The clustering of these resistance genes renders considerable challenges to plant breeders to introgress and pyramid these genes in one breeding line, especially when suppression of recombination is present in such a cluster (Verlaan et al. 2011) . Luckily, some R-gene clusters are actually natural pyramids of resistance genes to different pathogens; for instance we have shown that the closely linked or the same Mi-1 homologues in NIL-Ol-4 confer resistance to PM, nematodes and aphids .
To achieve durable resistance, the combined genes should have complimentary race-specificities. Also, the downstream pathways involved in the resistance of the pyramided genes need to be in parallel and not antagonistic. Otherwise, the cross-talk and interaction of defence pathways may result in negative interaction between resistances conferred by the combined resistance genes. For instance, resistance mediated by Ol-1 and Ol-4 comes from induction of two different forms of PCD with different hormonal pathways involved. There is a risk that in plants containing both Ol-1 and Ol-4 genes, the PCDtriggering pathways antagonize each other.
In addition to introgressing resistance genes from wild species, we demonstrated that silencing S-genes leads to non-host-like resistance. Since S-genes encode proteins that are manipulated by the pathogens, and most probably this manipulation is through effectors, an alternative approach to accelerate discovery of Sgenes is to look for effector's targets (Gawehns et al. 2013) . The main problem associated with the S-gene breeding strategy is to find S-genes for which loss-of function has no pleiotropic effect on plant growth and development, while it diminishes their function as the susceptibility factor. There are promising results from targeted engineering of S-genes, in order to disturb only the S-gene function. One successful example is the mutations induced via TALEN-based disruption in the rice bacterial blight S-gene Os11N3 that interfere with S-gene function but not with the developmental function of Os11N3 (Li et al. 2012 ).
An emerging breeding method for pathogen resistance is based on the importance of plant RNA silencing pathways to silence PM's genes. HIGS phenomenon was first observed in barley-Bgh interaction (Nowara et al. 2010 ) and now the idea has provided a method to investigate the role of pathogen genes (Pliego et al. 2013) . It also suggests a potential approach to engineering plants for resistance to PMs (Nowara et al. 2010 ).
Conclusion and future challenges
In this review, we summarized the current understanding of the mechanisms by which plants mount defence against different PMs, and also discussed different breeding approaches that are deduced from these resistance mechanisms. A relatively clear picture of the genetics and molecular basis of plant response to PMs is assembled now, however, many other aspects of that are still blurry and demand future investigations.
The pathogenicity mechanisms adopted by PMs to dampen the plant immune system (or to turn a non-host plant species into a host one) are largely unknown, and only recently have we started to discover PM effectors and their mode of action. Scanning the genome of different PM species has resulted in discovery of relatively a large number of putative PM effectors, and now the challenge is to perform functional analysis on these putative effectors in order to get a better understanding of pathogenicity process of PMs. This will also pave the way to further research on the identification of plant factors (especially the ones coded by plant S-genes) targeted by PM effectors. Plant S-genes, as anticipated in the previous paragraph, could be conveniently manipulated in breeding in order to introduce broad-spectrum and durable forms of resistance.
Crop production is affected by both biotic and abiotic stress factors, thus the best-selling cultivars are those with stable high quality and high yield even under a combination of environmental stresses. In this review, we have focused on PM resistance without taking into account the influence of abiotic stresses. However, it has been demonstrated that environmental conditions influence the outcome of plant-PM interactions (reviewed by Lebeda et al. 2013) . Using our NILs, we are currently investigating to what extent pathways for resistance to PM and tolerance to abiotic stresses are shared, and how abiotic stresses might modify resistance responses mediated by different Ol genes and QTLs. Understanding these responses will enable fine-tuning of breeding efforts towards breeding plants with enhanced PM resistance that can exhibit high level of resistance and maintain their performance under conditions of combined stress.
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